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     The La-related proteins (LARPs) are a family of RNA binding proteins that 
modulate the degradation and stabilization of RNAs. Multiple studies implicated 
the dysregulation of LARPs in cancer progression. Cell motility is known to 
potentiate the metastatic potential of ovarian cancer cells. However, the roles of 
LARPs in cell motility remain unknown. In the present study, we investigated the 
roles of LARPs in the progression of ovarian cancer using SKOV3 human 
ovarian cancer cells and a public database that integrates microarray-based 
gene expression data and clinical data. To explore the involvement of LARPs in 
the cell motility, we performed RNA interference screening for LARPs in SKOV3 
cells. The screening identified LARP4 as a potential suppressor of the formation 
of lamellipodia. Conversely, enforced expression of LARP4 suppressed the 
formation of lamellipodia. Moreover, cell migration was significantly increased in 
LARP4-knocked-down SKOV3 cells. Mechanistically, LARP4 knock-down was 
associated with the increase in RhoA protein expression. These results suggest 
that LARP4 may limit RhoA-dependent cell motility. In a mouse xenograft model 
with SKOV3 cells, the peritoneal metastasis was increased with LARP4 knock-
down increased. Upon analysis of a public database of patients with ovarian 
cancer, the LARP4 mRNA-high expression group (n = 166) showed longer 
overall survival compared with the LARP4 mRNA-low expression group (n = 489), 
implying a positive correlation of LARP4 mRNA levels in ovarian cancer tissues 
with patient prognosis. In conclusion, LARP4 is proposed to suppress the motility 
and metastatic potential of ovarian cancer cells. 
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II. BACKGROUND OF RESEARCH 
1. Epithelial ovarian cancer (EOC) 
       EOC is the most lethal gynecologic malignancy and the fifth most common 
cause of cancer-related death in women 1. Each year, EOC is responsible for 
over 140,000 deaths worldwide. It is the sixth most common cause of cancer 
mortality amongst women in developed countries, and the most lethal 
gynecological malignancy 1. The morbidity of ovarian cancer in Japan was 
9,384 women in 2012. The mortality of ovarian cancer was 3.2 per 100,000 in 
2012 2. In 2014, 43.2% of ovarian cancer patients were classified as stage I, 
9.1% as stage II, 27.6% as stage III, and 7.2% as stage IV 3.  
The lethality of ovarian carcinoma primarily stems from the late diagnosis of 
the patients at the advanced stages with widely metastatic disease within the 
peritoneal cavity. Ovarian cancers detach from the primary tumor and then 
exfoliated cancer cells are transported throughout the peritoneum by peritoneal 
fluids and disseminate within the peritoneal cavity. 4. Thus, it is important to 
understand the mechanisms by which ovarian cancer cells acquire metastatic 
properties to identify new potential molecular targets. 
2. Mechanism of metastasis 
(1) Cell motility 
         In cancer progression, upregulated cell motility is a prerequisite for 
metastasis; cell migration involves reorganization of the F-actin cytoskeleton 
leading to the formation of membrane protrusions at the cell front known as 
lamellipodia. They are typically elongated at the leading edge of moving cells 5. 
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Lamellipodia are transient structures, which protrude and retract. If the 
lamellipodium persists long enough, cells can establish new integrin-mediated 
adhesions with the underlying substratum, contract and then detach adhesions at 
the rear; this series of events forms the basis of protrusion-based migration 6. 
Lamellipodia are critical for directional cell migration and are responsible for cell 
motility, which contributes to metastatic potential in cancer cells 7, 8. Thus, in the 
present study, we utilized ovarian cancer SKOV3 cells as they are characterized 
by their high ability to form lamellipodia and migrate. 
(2) Epithelial mesenchymal transition (EMT) 
      The initial cellular events required for metastasis are triggered by a switch 
from an epithelial cell type to a less differentiated mesenchymal one, which is 
known as EMT. Cells undergoing EMT reorganize their cytoskeletons and extend 
protrusions such as lamellipodia, allowing for increased migratory capacity. 
Those events could lead to cancer invasion and metastasis 9. Therefore, 
uncovering the regulatory mechanisms of lamellipodia formation is of critical 
importance to understanding cancer metastasis and discovering novel 
therapeutics. 
(3) Signaling pathways for ovarian cancer metastasis 
     Previous reports demonstrated the pivotal role of multiple molecular signaling 
pathways in tumorigenesis and cancer progression. Accumulating evidence is 
emerging that the phosphatidylinositol 3-kinase (PI3K)–Akt pathway plays 
important roles in cancer cell growth and motility 10. This pathway is frequently 
active in ovarian cancer, thereby  being a therapeutic target 11. In SKOV3 ovarian 
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cancer cells, PI3K–Akt pathway has been shown to drive the formation of 
lamellipodia 12,13.  
      RhoA, a member of the Ras superfamily, also modulates a diverse set of 
biological responses of cancer cells, including cell motility, proliferation, 
apoptosis inhibition, cell cycle progression, invasion, and metastasis in cancer 
cells 14. Accumulating evidence has shown that RhoA activity is upregulated in 
most human carcinogenesis 15. Some studies proposed possible involvement of 
RhoA in the progression of ovarian cancer. 
RNA binding proteins (RBPs) and cancer 
       Expression profiling has demonstrated that there are substantial differences 
of mRNA expression between ovarian malignancies and non-cancer tissue, and 
even between different EOC subtypes 16. There is a growing appreciation that 
such differences in the expression are not only determined at the genetic or 
epigenetic level, but can be the result of post-transcriptional regulation 17.  
RNA binding proteins (RBPs) bind transiently to RNAs and resolve trapped, 
misfolded conformers of RNAs 18, thereby regulating stability and translation of 
mRNAs 19-21. These proteins have been considered as RNA chaperone 22.23. 
RBPs are increasingly being recognized as key drivers of cancer progression 
and chemo-resistance in several cancers 24, including ovarian malignancies 25. 
       mRNA Binding Proteins and cancer 
3.         La-related proteins 
        The La-related proteins (LARPs) are an ancient family of a highly conserved 
RBPs with an RNA chaperon activity that regulates mRNA stability. The first 
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family member to be identified was SSB/La (Sjögren syndrome type B 
antigen (SSB)/genuine La protein), now known as LARP3. Six LARP subfamilies 
have been identified in human:  LARP1, LARP3/SSB/La, LARP4, LARP4b, 
LARP6 and LARP7. All family members share a unique N-terminal or central 
RNA-binding domain, named the La motif (LAM), separated from an RNA 
recognition motif (RRM) by a short linker. Human LARP3 and LARP7 also 
possess an additional RRM. The La module recognizes terminal UUU-3’OHs on 
small, nascent RNA transcripts 23.  
       Previous studies demonstrated the implication of LARPs in different cancers. 
For example,  Sommer et al. 26 revealed that over-expression of La drives cell 
migration and invasion in squamous cancers of the head and neck.In 
hepatocellular cancer cells, La has been shown to drive epithelial to 
mesenchymal transition (EMT) through expression of the internal ribosome entry 
site (IRES)-mediated target Laminin B1 27. LARP1 has been also implicated in 
the tumorigenesis of cancer cervix and ovarian cancer 28. Moreover, LARP1 
expression in tumor tissues was correlated to poor prognosis in patients with 
colorectal cancer 29, In contrast, LARP7 is a potential tumor suppressor protein in 
gastric cancer 30. For LARP4, little is known about its role in ovarian cancer but it 
is documented as one of the novel regulators for the cytoskeletal organization 31 
and also as a driver for prostatic cancer cell migration 32. 
(1) LARP3/SSB and cancer 
            Originally identified as a serological marker of autoimmune disease, 
particularly Sjögren’s syndrome 33, LARP3/SSB has been studied in much 
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greater depth than other members of the LARP family. Accumulating evidence 
supports a role for LARP3 in cancer development and progression. The gene 
expression is upregulated in cervical cancer tissues and oral squamous cell 
carcinomas compared to normal counterpart tissues 26, 34, as well as in multiple 
cancer cell lines 35.  
             LARP3 was found to preferentially regulate the translation of over 200 
transcripts, including key cancer-related genes such as VEGF, PDGFA, and 
BCL2L11 36. Knockdown of LARP3 is associated with reduced migration and 
invasion 26. Therefore, it appears that LARP3 acts as a key oncogenic protein 37. 
Potential inhibitors of the LARP3-RNA interaction have recently been identified, 
and found to have biological activity in the inhibition of hepatitis B viral antigen 
production 38. This suggests that it may be possible to generate anti-cancer 
therapies based around the disruption of the function of LARP3 in neoplastic 
cells. 
(2) LARP1 and cancer 
      In humans, there are two LARP1 proteins, LARP1 and LARP1b, whilst 
Arabidopsis and other plants have a third gene, LARP1c 39. LARP1 was highly 
expressed in hepatocellular cancer (HCC)-derived cell lines compared to a 
benign cell line 40. In addition, higher LARP1 protein levels were seen in HCCs 
compared to non-malignant adjacent liver tissues. LARP1 was identified as an 
independent predictor of reduced overall survival in multivariate models: patients 
with high LARP1 expression had a 25% increased risk of death at any time. This 
survival association was greater than that seen for tumor size or number, 
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indicating a highly clinically significant trend. The ability of LARP1 protein levels 
to predict outcome outperformed the current gold standard circulating biomarker, 
alpha-feto protein (AFP) 40.  
   At the level of cell biology, LARP1 was proposed to play a role in promoting 
cell motility by interacting with cytoskeletal components. LARP1 protein was 
concentrated at the leading edge of migrating cells41. LARP1 knockdown 
inhibited cell proliferation and induced apoptosis in some types of cancer cell 
lines studied so far 41, 42.  
LARP1 has been identified as a downstream target of the oncogenic PI3K 
signaling cascade43. Significantly, LARP1 has also been independently identified 
in two separate studies as a downstream phospho target of mTORC1 signaling 44, 
45, a pathway frequently activated in cancer, and capable of promoting cancer cell 
invasion and metastasis 46. 
  
(3) LARP6 and cancer 
      The first paper describing LARP6 was published in 2007, where it was 
identified in a screen of genes expressed in intersegmental muscles (ISM) of the 
moth Manduca sexta during programmed cell death at the end of metamorphosis 
47. LARP6 appears to play a role in myogenesis 48, 49. Overexpression of LARP6 
in highly metastatic MDA-MB-231 breast cancer cells enhanced proliferation and 
invasion, associated with increased expression of matrix metalloproteinase-9 
(MMP-9) and vascular endothelial growth factor (VEGF). LARP6-overexpressing 
cells generated significantly larger tumors in vivo, compared to controls, with a 
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significant increase in VEGF expression and tumor angiogenesis 50. Therefore, 
LARP6 was proposed to serve as an oncogenic protein.  
 
(4) LARP7 and cancer 
LARP7 may play a key role in suppressing malignant transformation. Analysis 
of LARP7 expression in breast cancer tissues demonstrated that low LARP7 
expression was associated with poor overall survival of patients 51. Moreover, 
LARP7 knockdown in breast cancer cell lines promoted cell motility and 
enhanced invasion and cell metastasis in vivo.  
LARP7 expression was also shown to be significantly reduced in the tissues 
of gastric cancers, compared to normal tissue. In non-malignant gastric cells, 
LARP7 knockdown led to increased cell proliferation and enhanced migration, 
associated with decreased abundance of 7SK RNA 30. LARP7 expression was 
also downregulated in tumors from patients with lymph node-metastatic cervical 
cancer, compared to those with localized disease 52, suggesting a potential role 
in limiting cancer metastasis. 
 
(5)  LARP4, 4b and cancer 
The LARP4 subfamily is the least studied to date. Two LARP4 genes are 
present in the human genome, LARP4 and LARP4b (previously LARP5) 39, which 
share 37% amino acid identity and 53% sequence similarity 53. LARP4 and 4b 
show less La Motif conservation with LARP3 than LARP7, particularly in the side 
chains needed for 3’UUU-OH binding 23, 53, suggesting they may interact with 
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different RNA targets. In contrast to LARP3 and 7, LARP4 and LARP4b are 
predominantly cytoplasmic proteins 54, 55. 
Both LARP4 and LARP4b possess a PAM2-like sequence in the N-terminal 
region 55. PAM2 motifs are conserved 15 amino acid sequences involved in 
binding to polyA binding proteins (PABPs) at the PABPC domain, and are found 
in other PABP-interacting proteins such as eukaryotic translation termination 
factor 3 (eRF3) which play a critical role in mRNA translation and modulating 
mRNA stability 56, 57, 58. LARP4 and LARP4b were also shown to bind RACK1 54, 
55, a scaffold protein that interacts with the 40S ribosomal subunit 59. Supporting 
a role in translation, LARP4 and LARP4b were co-sedimented with 
polyribosomes, and the knockdown resulted in a 20-40% decrease in overall 
protein synthesis 54, 55. LARP4 has also been suggested to promote mRNA 
stability 55.  
Only few studies have reported possible involvement of the LARP4 in cancer 
biology and progression. Knockdown of LARP4 in prostate cancer-derived PC3 
cells produced elongated, bipolar cells with increased cell motility 32. The patterns 
of expression and significance of both proteins in cancer cells remain to be 
determined. 
 
4. Study hypothesis 
      Over the last two decades, significant progress has been made in 
determining the origins of ovarian cancer and in understanding the molecular 
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basis of its development. Unfortunately, we now know ovarian cancer to be a 
complex and genetically highly heterogeneous disease. 
      Although our increased knowledge of the dysregulated pathways in EOC has 
led to trials of targeted agents, these have so far met with limited success 60. The 
central role of post-transcriptional regulation in the development of malignancy is 
an area of growing research interest. It has been suggested that the majority of 
the regulation of gene expression is determined post-transcriptionally 17, which 
has important implications for our understanding of cancer development and 
neoplastic cell plasticity. The journey from transcription of nascent mRNAs to 
their translation in the cytoplasm is a highly complex and tightly regulated 
process, some aspects of which we are only just beginning to clarify. At the heart 
of determining RNA fate are a large and diverse family of RBPs. More highly 
expressed that other regulatory proteins 24, there may be over 1,500 genes 
encoding proteins with RNA-binding properties. To date, the functional role of 
relatively few RBPs has been studied in significant depth LARP3/SSB was one of 
the first RBPs to be characterized. Over forty years of research has revealed it to 
participate in an extensive array of functions, from promoting mRNA translation 
to ensuring correct mRNA folding. We now recognize LARP3 as a member of a 
family of highly conserved proteins that share similar RNA-binding motifs. LARPs 
play diverse roles within normal cells, but are increasingly being recognized as 
significant to cancer development and progression. In particular, LARP4 appears 
to regulate both mRNA stability and translation, and, at the level of cell biology, 
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promotes cell motility and regulate cell morphology. This suggests that LARP4 
expression may be beneficial to the limitation of cancer cell metastasis. 
     I hypothesize that the LARP4 may play a key role in malignant suppression, 
and may therefore function as a tumor suppressor in several cancer types, 
including ovarian cancer. Ovarian cancer is disease in which the silent 
metastasis leads to late discovery, worse patient prognosis and high mortality 
rate. LARP4 may potentially act as a metastasis suppressor biomarker, 
controlling cell behaviors such as cell motility and cell morphology. If this is the 







III. THE PUROPOSE OF RESEARCH 
        To date, little studies have investigated LARP4 in cancer, and no study 
explored in-depth the mechanism by which LARP4 may limit cancer progression.      
        The aim of this PhD project were therefore to investigate the role of LARP4 
in ovarian cancer metastasis being a silent killer. This will provide a novel 
biomarker for ovarian cancer metastasis improving patient prognosis, overall 






IV. RESEARCH METHODS 
Antibodies and reagents  
      Antibodies specific for LARP4 (ab156687), phosphatidylinositol-3-kinase 
(PI3K) C2β (ab55589), and PTEN (ab32199) were from Abcam (Cambridge, MA, 
USA). Antibodies specific for JNK (#99252S), phospho-JNK (#4668S), phospho-
mTOR (#2971S), p110α (#4249), E-cadherin (#3195P), vimentin (#5741P), slug 
(#9585S), Rac 1/2/3 (#2465T), CDC42 (#2466T), RhoA (#2117S), Akt (#9272S), 
and phospho-Akt (#9271S) were from Cell Signaling Technology (Boston, MA, 
USA). Horseradish-peroxidase-conjugated antibodies for rabbit IgG (sc2004) and 
mouse IgG (sc2005) were from Santa Cruz Biotechnology (Dallas, TX, USA). 
RNAiMax, Lipofectamine 2000, control siRNAs, LARP4 siRNAs (LARP4 si1, 
CCAUGGUACAAGUUGAUGAtt; LARP4 si2, CACCAAAGUUUG ACUUAUUtt; 
LARP4 si3, GGAUGGUCUCAAUCAGACAtt), and other siRNAs for the LARP 
family members were from Life Technologies (Carlsbad, CA, USA). 
Tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin and β-actin 
antibodies (A5441) were from Sigma (St. Louis, MO, USA). Hoechst 33342 was 
from Dojindo (Kumamoto, Japan). SuperSignal West Dura Extended Duration 
Substrate and Halt Phosphatase Inhibitor Cocktail were from Thermo Fisher 
Scientific (Rockford, IL, USA).  
Cell culture  
      Human SKOV3 ovarian cancer cells were grown in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 
These SKOV3 cells are ovarian cancer cells with high ability to form lamellipodia 
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and migrate, therefore they are good candidate cells for our study. Human PC3 
prostate cancer cells were cultured in Roswell Park Memorial Institute medium 
(RPMI) supplemented with 10% fetal bovine serum. Cells were maintained at < 
80% confluence under standard incubator conditions (humidified atmosphere, 
95% air, 5% CO2, 37°C). No mycoplasma contamination was observed. Basal 
LARP4 expression in SKOV3 cells compared to other cell lines should be 
performed in future studies.  
Preparation of LARP4 expression vector  
      Human LARP4 cDNA segments in a cDNA library of SKOV3 cells were 
amplified by PCR. The PCR products and pcDNA3.1/ V5-His empty vector 
(ThermoFisher Scientific) were digested with BamH1/XhoI and each fragment 
was ligated, forming pcDNA3.1/ V5-His LARP4 vector.  
Transfection with siRNAs or LARP4 vector 
      For siRNA transfection, cells (2 × 104) were grown on 35-mm glass-bottomed 
dishes and then transfected with 5 nM siRNAs using RNAiMax transfection 
reagent (Life Technologies) for 48 h. For transfection with plasmid vectors, 
SKOV3 cells (5 × 104) grown on 35-mm glass-bottomed dishes were transfected 
with 2 µg of pcDNA3.1/V5-His empty vector or pcDNA3.1/V5-His LARP4 vector 
for 24 h using Lipofectamine 2000.  
Analysis of lamellipodium formation  
      SKOV3 cells were grown in 35-mm glass-bottomed dishes at a density of 2 × 
104 cells/dish. After transfection, cells were washed with Phosphate-buffered 
saline (PBS) twice, fixed with 4% formaldehyde for 10 min, and treated with 0.1% 
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TritonX-100 for 10 min, followed by staining with Hoechst 33342 and TRITC-
conjugated phalloidin for 5 min. For the analysis of lamellipodia, samples were 
examined using confocal microscopy. Lamellipodia are thin and veil-like 
extensions at the edge of cells that contain a dynamic array of actin filaments 
and are biologically characterized by the enrichment of F-actin. Cells were 
counted as having formed lamellipodia if there was an increase in visualized F-
actin in the lamellipodia. The percentage of cells forming lamellipodia was 
determined by counting more than 200 cells.  
Immunoblotting analysis  
      Cells were washed three times with PBS supplemented with Halt 
Phosphatase Inhibitor Cocktail and then lysed using Laemmli sample buffer 
(Wako, Tokyo, Japan). After brief centrifugation, the protein content was 
determined using the BCA protein assay reagent. Then, equal amounts of 
proteins (5 or 10 µg) were loaded for sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) (4%-20% gradient gels). Proteins were 
electrophoretically transferred to nitrocellulose membranes, blocked with 
PBS/0.1% Tween 20 (PBS-T) containing 5% nonfat dried milk for 30 min, 
washed with PBS-T, and incubated with primary antibodies for LARP4 (1 in 1,000 
dilution), p110α (1 in 1,000 dilution), PI3KC2β (1 in 1,000 dilution), Akt (1 in 
1,000 dilution), phospho-Akt (1 in 1,000 dilution), phospho-mTOR (1 in 1,000 
dilution), PTEN (1 in 1,000 dilution), ERK1/2 (1 in 1,000 dilution), phospho-
ERK1/2 (1 in 1,000 dilution), p38δ (1 in 1,000 dilution), JNK1/2 (1 in 1,000 
dilution), phospho-JNK1/2 (1 in 1,000 dilution), E-cadherin (1 in 1,000 dilution), 
27 
 
vimentin (1 in 1,000 dilution), Slug (1 in 1,000 dilution), Rac (1 in 1,000 dilution), 
CDC42 (1 in 1,000 dilution), RhoA (1 in 1,000 dilution), or β-actin (1 in 50,000 
dilution). The membranes were washed three times with PBS-T and then 
incubated with a secondary antibody conjugated with horseradish peroxidase 
(1:5,000 dilution) in PBS-T containing 5% nonfat dried milk for 1 h. Proteins were 
visualized using Supersignal West Dura Extended Duration Substrate (Thermo 
Fisher Scientific). Quantification of the chemiluminescent signals was performed 
with a digital imaging system (ChemiDoc, Bio-Rad, Hercules, CA, USA).  
Quantitative real-time PCR  
       RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany), in 
accordance with the manufacturer’s manual. After reverse transcription of RNA 
with SuperScript III (Thermo Fisher Scientific). quantitative real-time PCR was 
performed using the StepOne Plus Real-Time PCR System. TaqMan probes 
specific for LARP1 (Hs00391726_m1), LARP3 (Hs04187362_g1), LARP4b 
(Hs00299621_m1), LARP6 (Hs00217969_m1), LARP7 (Hs00277883_m1), and 
β-actin (4333762F) were employed. β-Actin was used as an internal control.  
Cell viability assay  
       Cell viability was assessed with the CellTiter-Glo Luminescent Cell Viability 
Assay (Promega). Cells were seeded on 96-well plates at a density of 1 × 103 
cells in 100µl /well. Preparation of control wells containing medium without cells 
to obtain a value for background luminescence. After incubation for the indicated 
periods, equilibration of the plate and its contents at room temperature for 
approximately 30 minutes. Then addition of a volume of CellTiter-Glo® Reagent 
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equal to the volume of cell culture medium present in each well. Mixing contents 
for 2 minutes on an orbital shaker to induce cell lysis. Incubation at room 
temperature for 10 minutes to stabilize luminescent signal. Finally recording 
luminescence. 
Cell migration assay  
       For SKOV3 cells, cell migration was determined by a Transwell migration 
assay, as described by Zhang et al. (2018), while for PC3 prostate cancer cells 
the incubation time was extended up to 24 h, as described by Seetharaman et al. 
(2016). 
Invasion assay  
       Cells (5 × 104 cells/well) in serum-free medium were seeded onto the upper 
chamber of the Transwell with 8-mm pores that were coated with 5% Matrigel. 
The lower chamber was filled with 10% FBS-containing DMEM. After 18 h of 
incubation, non-invading cells at the top of the membrane filter were removed 
using a cotton swab. Invading cells attached to the bottom of the membrane filter 
were fixed in 100% methanol and then stained with 1% toluidine blue for 5 min. 
The cell invasiveness was determined by counting invading cells in optical 
microscopy images (at least ten fields for each determination). 
Xenograft model with human ovarian cancer cells  
        SKOV3 cells (5 × 106 cells/mouse) were transfected with 5 nM of control si2 
or LARP4 si2 for 24 h and then inoculated into the peritoneal cavity of female 
nude mice (BALB/c; Charles River Japan, Yokohama, Japan) to determine 
peritoneal metastatic potential. The mice were sacrificed at 4 weeks after 
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inoculation, and the number of overt metastases (> 1 mm) was quantified. All 
animal studies were approved by the Institutional Animal Care and Use 
Committee of Tohoku University, Japan. 
Kaplan-Meier Plotter analysis  
        The prognostic value of LARP mRNA expression in ovarian cancer was 
analyzed using an online database, Kaplan-Meier Plotter 
(http://www.kmplot.com). Online analysis of the database that integrates 
microarray-based gene expression data and clinical data was performed, leading 
to the creation of Kaplan-Meier survival plots. Patients were split into two groups 
with low (black line) and high (red line) gene expression by an automatically 
selected optimal cut-off. All possible cutoff values between the lower and upper 
quartiles were computed and the best performing threshold was used. 
Statistical analysis          
      Data in bar graphs are presented as the mean ± standard error (SE) of at 
least three independent experiments. Statistical analyses were performed using 
GraphPad Prism 5.03 (California corporation, USA). All P values less than 0.05 






V. RESULTS OF RESEARCH 
Identification of LARPs that regulate cell motility  
To identify LARPs responsible for modulating the formation of lamellipodia, 
we used siRNAs specific for six LARPs (LARP1 si, LARP3 si, LARP4 si2, 
LARP4b si, LARP6 si, and LARP7 si). The effectiveness of siRNAs for individual 
LARPs was confirmed in SKOV3 ovarian cancer cells via knockdown of mRNA 
expression (Fig. 1A). As shown in Fig. 1B and C, knockdown of LARP4 or 
LARP4b had stimulatory effects on the formation of lamellipodia. LARP4 
appeared to have particular potential to suppress the formation of lamellipodia. In 
contrast, LARP3 knockdown had inhibitory effects on their formation, while 
knockdown of other LARPs (LARP1, LARP6, and LARP7) had no significant 
effects. To further evaluate the potential of LARP4 as a suppressor of cell 
motility, we used an additional siRNA sequence (LARP4 si1) and also 
constructed a human LARP4-overexpressing vector (pcDNA3.1/V5-His LARP4). 
Transfection of SKOV3 cells with either LARP4 si1 or LARP4 si2 was confirmed 
to suppress LARP4 proteins (Fig. 2A) and significantly increased the formation of 
lamellipodia (about 1.5- to 2-fold compared with that in the control) as shown in 
Fig. 2B. Reciprocally, LARP4 overexpression by transfection with pcDNA3.1/V5-
His LARP4 vector suppressed the formation of lamellipodia to 0.4-fold compared 
with that of pcDNA3.1/V5-His empty vector (Fig. 3A-C). Knockdown of RhoA 
partly attenuated the formation of lamellipodia in SKOV3 cells (Fig. 4). These 
results suggest that LARP4 suppresses the RhoA-dependent formation of 
lamellipodia. In addition, the effects of LARP4 knockdown on the Transwell 
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migration of SKOV3 cells were assessed. Similar to the results on the formation 
of lamellipodia, LARP4 knockdown with individual sequences (LARP4 si1 and 
LARP4 si2) significantly increased cell migration by 1.35- and 1.85-fold 
compared with that upon the control knockdown, respectively (Fig. 5A and B). 
Thus, LARP4 may serve as a suppressor of the motility of ovarian cancer cells. 
On the other hand, LARP4 knockdown had no significant effects on the 
invasiveness of SKOV3 cells (Fig. 5C and D). We next tested the effects of 
LARP4 siRNA on the migratory and invasive activities of PC3 prostate cancer 
cells. LARP4 knockdown promoted both cell migratory and invasive activities 
(Fig. 6A-D), consistent with a previous report 32. These results suggest a 
difference in the suppressive effect of LARP4 on the invasiveness between 
ovarian cancer and prostate cancer. In addition, identification of basal LARP4 
expression in SKOV3 cells, compared to another cell lines, should be described 
in future studies. 
LARP4 suppresses RhoA expression 
 Class II PI3K β isoform (PI3K C2β) has been implicated in the formation of 
lamellipodia in SKOV3 cells 61, 62. To determine the molecular mechanisms by 
which LARP4 suppresses cell motility, we evaluated the effects of LARP4 
knockdown on PI3K C2β and its associated signaling pathways in SKOV3 cells 
(Fig. 7). The PI3K-Akt-mTOR pathway was unlikely to be involved in the 
regulatory mechanisms of LARP4-controlled cell motility. Moreover, the 
involvement of MAPK and epithelial- mesenchymal transition (EMT) pathways 63, 
64 was assessed. No changes in the expression of those pathway- associated 
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proteins were observed in LARP4-depleted SKOV3 cells (Fig. 7). Tumor 
suppressor genes such as P53 and PTEN are associated with ovarian cancer 
progression 65. We thus tested the possible involvement of LARP4 in regulating 
the expression of these tumor suppressor proteins. As shown in Fig. 7, LARP4 
knockdown had no noticeable effects. Rho GTPases are intracellular signal 
transducers implicated in the control of actin cytoskeleton organization, cell 
migration, and invasion 66, 67. We investigated the expression of Rho GTPases in 
LARP4-knocked-down SKOV3 cells. LARP4 knockdown resulted in a significant 
increase in RhoA protein expression (Fig. 8A and C), while the expression of Rac 
and CDC42 did not change (Fig. 8A, E and G). These results suggest that 
LARP4 suppresses RhoA expression. The sufficient LARP4 knockdown was 
calculated and plotted in fig. 8A, B, D and F. 
Anti-metastatic potential of LARP4 in a mouse xenograft model of ovarian 
cancer  
To assess the involvement of LARP4 in the metastasis, we employed a 
xenograft model of SKOV3 ovarian cancer cells 62 and evaluated the effects of 
LARP4 knockdown on metastasis. LARP4 siRNA was confirmed to persistently 
achieve knockdown for up to 96 h (Fig. 9A). LARP4 knockdown caused a 
significant increase in the number of peritoneal metastatic nodules compared 
with that upon control knockdown (Fig. 9B). LARP4 was, therefore, suggested to 
suppress the metastatic potential of ovarian cancer cells. 
Correlation of LARPs mRNA expressions with the overall survival 
probability in ovarian cancer patients. 
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      To assess the relevance of LARP expression to the prognosis of patients with 
ovarian cancer, we performed an online analysis using ovarian cancer microarray 
datasets 68. Overall survival graphs of ovarian cancer based on LARPs 
expression were performed using publicly available database (KM 
plotter; www.kmplot.com) with the following options: auto select best cutoff, 
overall survival (OS), 120 month, the plot include addy-id and sample number. 
cut off values were as follow: LARP1 (19), LARP4 (253), LARP6 (300), LARP3 
(1738), LARP4B (25), LARP7 (813). Patients were divided into two groups, with 
high and low LARP expression. Overall survival periods were plotted to generate 
Kaplan-Meier curves. As shown in Fig. 10A-F, the LARP4-high patient group 
showed longer overall survival than the LARP4-low group, suggesting a positive 
correlation of LARP4 mRNA in ovarian cancer tissues with patient prognosis. 
Conversely, LARP3 mRNA expression was inversely correlated with overall 
survival (P < 0.007). No significant correlation of overall survival with the mRNA 






In this study, we provide the first report that shows the regulatory role of RNA 
chaperon for lamellipodia formation, we characterized for the first time that 
LARP4 has a suppressive potential in ovarian cancer metastasis by reducing the 
migratory activity of ovarian cancer cells through limiting lamellipodia formation. 
However, no effect was observed on cell growth nor invasion in LARP4 depleted 
cells. Our data, for the first time, uncovered Rho A protein as a target for LARP4. 
We demonstrated the anti-metastatic role of LARP4 in the xenograft model, 
equally as important we demonstrated the positively correlated LARP4 mRNA 
expression to higher patient overall survival. Together, these results support our 
hypothesis that LARP4 is a tumor metastasis suppressor protein and provide an 
evidence for the possible future role of RNA chaperon as a tumor predictor 
biomarker. 
    In a former report, LARP4 was identified as one of several novel regulators 
of prostate cancer cell morphology 31. Furthermore, Seetharaman et al 
demonstrated that LARP4 depletion decreases cell circularity and increases cell 
perimeter in PC3 cells 32. Those data suggested that LARP4 influences 
lamellipodia formation in prostatic cancer but for ovarian cancer, no obvious data 
show the role of LARP4 in lamellipodia formation and cell migration, thus our 
concern is to illustrate this role and provide a clear evidence for the tumor 
regulatory potential of LARP4 in ovarian cancer. 
    Our results demonstrated that LARP4 knockdown significantly up-regulated 
lamellipodia formation while LARP4 overexpression significantly downregulated 
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lamellipodia formation (figure 3). We demonstrated that LARP4 significantly 
suppresses cell motility, which is consistent with the limitation of lamellipodia 
formation. Seetharaman et al. demonstrated that LARP4 depletion increased cell 
motility and invasiveness in PC3 prostate and MDA-MB-231 breast cancer cells 
32 and RhoA was reported to promote cell motility and invasiveness in those cell 
lines 69-71. In our study, LARP4 is suggested to target RhoA-dependent cell 
motility but not invasiveness in ovarian cancer cells. Though this discrepancy 
remains unknown, the regulatory mechanism of invasiveness in SKOV3 cells 
might be different from those of PC3 and MDA-MB-231 cells. Collectively, our 
data indicated that LARP4 has a selective suppressive activity of cell motility in 
SKOV3 ovarian cancer cells. 
The molecular mechanism by which LARP4 can regulate lamellipodia 
formation and motility in ovarian cancer is still uncovered. Therefore, I 
hypothesized that LARP4 acts via dysregulation of cell motility related proteins 
which in turn will regulate lamellipodia formation, motility and finally ovarian 
cancer metastasis. Cell motility regulators in ovarian cancer includes many 
signaling pathways with a prominent role for PI3K-AKT-Mtor, MAPK signaling 
pathways 62, 72. Accumulating evidence is emerging that the phosphatidylinositol 
3-kinase (PI3K)–Akt pathway plays important roles in cancer cell growth and 
motility, and this pathway is frequently active in ovarian cancer and is proposed 
to be a therapeutic target 10. Therefore, I tested PI3K-AKT-mTOR signaling 
pathway as a target for LARP4 however there was no effect of LARP4 depletion 
on the expression of these proteins (fig.7). MAPK proteins’ expressions were not 
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changed by LARP4 depletion in SKOV3 cells. Thus I investigated the 
downstream effector of these pathways which are the Rho GTPase signaling 
pathway proteins. 
In the present study, LARP4 is thought to regulate the RhoA expression, 
transcriptionally, translationally and/or post-translationally, while the molecular 
mechanisms by which LARP4 down-regulates RhoA protein expression remain 
unknown. LARP4 has an RNA chaperon activity by which LARP4 stabilize or 
destabilize the target mRNA regulating its stability and activity 23, therefore the 
effect of LARP4 depletion in SKOV3 cells on RhoA mRNA expression was tested 
however there was a change in the mRNA expression of the housekeeping 
genes resulting in difficult normalization and inaccurate interpretation of the 
results. Therefore, using other housekeeping genes as ribosomal mRNA in future 
studies might be beneficial to evaluate LARP4 effect on RhoA mRNA levels in 
ovarian cancer cells. Rho GTPase signaling is controlled by multiple regulators, 
including Rho GTPase-specific guanine nucleotide exchange factors, GTPase 
activating enzymes and Rho guanine nucleotide dissociation inhibitors 66, 67. 
Those proteins are known to control RhoA activity, however we did not determine 
it in the present study. Further investigations need to be performed for 
uncovering the molecular mechanisms.  
RhoA is widely implicated in the progression of numerous human cancers 
including breast, prostatic, testicular and esophageal cancers 70, 73-77. Similarly, 
RhoA has been emerging as a key player in the progression of ovarian cancer 
associated with metastasis 78-81. Considering those studies, the regulatory 
39 
 
system of RhoA by LARP4 is suggested to play an important role in ovarian 
cancer progression. 
Of the LARPs, LARP3 was shown to promote cell proliferation in cervical, 
prostatic and hypopharyngeal cancers 26, 34. LARP3 was also shown to promote 
cell migration in hypopharyngeal squamous adenocarcinoma cells, although 
pathobiological roles for LARP3 in ovarian cancer remained fully unknown. We 
provide an evidence that LARP3 promotes cell motility in ovarian cancer cells 
(Fig. 1B and C). In addition, we explored the clinical importance of LARP3 mRNA 
expression in ovarian cancer progression (Fig. 10B). Altogether, LARP3 might 
serve as an oncogenic RBP in ovarian cancer.  
     We further investigated the possible molecular targets of LARP4 in motility 
regulation. First, we investigated the major molecular pathways involved in 
regulating cell migration as the PI3K-AKT-mTOR, MAPK and EMT pathways, our 
results denoted that LARP4 targets other pathways in regulating cellular 
migratory activity. Next, we hypothesized that LARP4 regulates cytoskeleton 
proteins such as Rho GTPases, which are intracellular signal transducers that 
act as the downstream for the previously mentioned major pathways and is 
strongly implicated in controlling actin cytoskeleton organization and cell 
migration in mammalian cells 66. In their study Akiko Horiuchi et al showed that 
Rho A has a high mRNA expression in ovarian cancer cells and is associated 
with tumor progression and invasiveness 79, therefore we confirmed the 
stimulatory role of Rho A for lamellipodia formation using Rho A depletion 
experiment (figure 4) then we investigated the possible effect of LARP4 on Rho 
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GTPases demonstrating that there was a significant enhancement of Rho A 
protein expression with LARP4 depletion as shown in figure 8A and C.  In 
consequence, for the first time, we provide an evidence that LARP4 regulates 
cellular motility through targeting Rho A which is a well-established key player 
protein in cellular motility 81.  
    To further investigate the metastatic potential of LARP4 we established, for 
the first time, a LARP4 depleted xenograft model. Our results showed that there 
was a significant increase in the number of metastatic peritoneal nodules relative 
to the control which provide an evidence of the metastatic suppressor role of 
LARP4 and therefore delineate the future therapeutic role of LARP4 in ovarian 
cancer (Fig 9). To validate these results, I checked the persistence of LARP4 
knockdown in SKOV3 cells by western blotting up to 96 h as the first few days 
are the most important in the development in metastatic nodules, more 
confirmation using the Hematoxylin-Eosin staining of the tumor tissue sample or 
visible metastatic nodule was not performed in the current study but it would be 
helpful in future studies.  
      The LARP4 gene is located on human chromosome 12q13.12. Over 130 
LARP4 mutations in cancers are reported in the COSMIC. Of these, six 
mutations are located in the C-terminal region of LARP4, a part of the protein that 
appears to mediate interactions of LARP4 55. In seetharaman et al study they 
investigated these LARP4 mutants in PC3 cells, none of the LARP4 mutations 
affected protein stability and localization. They reported that several cancer-
associated mutations in LARP4 enhance its effects on cell shape, predominantly 
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by reducing cell elongation and increasing circularity, which would be predicted 
to reduce migration and invasion based on their previous studies with PC3 cells 
82. This suggests that some of the mutants could be more active than wild-type 
LARP4 32. 
      To summarize, we provide the first report demonstrating that only 3 isoforms 
of the LARP family can significantly regulate lamellipodia formation, from these 
three proteins LARP4 is a potent down-regulator for lamellipodia formation. We 
provide the first evidence that Rho A is a target for LARP4. Furthermore, our data 
elucidate the tumor metastasis suppressor role of LARP4, RNA chaperone, in 
ovarian cancer via establishing a novel LARP4 depleted xenograft model. 
Together the in vitro and in vivo results are consistent with the Kaplan Meier 
survival plot generated by www.kmplot.com/ovar which illustrates the positive 
correlation between LARP4 mRNA expression and ovarian cancer patients 
overall survival. All these data allow us to propose that LARP4 has a tumor 
suppressive potential in ovarian cancer metastasis and may itself behaves as a 
prognostic factor and a novel therapeutic target to explore in the future. 
To arrive at a complete description of the action of LARP4 in ovarian cancer 
cells, it is necessary to determine if the protein is regulating RhoA activity, 
whether this regulation is transcriptional or posttranscriptional regulation and to 
describe if LARP4 is interacting directly or indirectly with RhoA protein. Future 






   The La-related proteins (LARPs) are a family of RNA binding proteins that 
control the degradation and stabilization of RNAs. As emerging research reveals 
the biology of each LARP, it is evident that LARPs are dysregulated in some 
types of cancer. Upregulation of cell motility potentiates the metastatic potential 
of ovarian cancer cells; however, the roles of LARPs in cell motility remain 
unknown. In the present study, we investigated the roles of LARPs in the 
progression of ovarian cancer using SKOV3 human ovarian cancer cells and a 
public database that integrates microarray-based gene expression data and 
clinical data.  
To explore the involvement of LARPs in the cell motility, we performed RNA 
interference screening for LARP mRNAs in SKOV3 cells. The screening 
identified LARP4 as a potential suppressor of the formation of lamellipodia. 
Conversely, enforced expression of LARP4 suppressed the formation of 
lamellipodia. Moreover, cell migration was significantly increased in LARP4-
depleted SKOV3 cells. Mechanistically, LARP4 depletion was associated with the 
decrease in RhoA protein expression. These results suggest that LARP4 may 
limit RhoA-dependent cell motility. In a mouse xenograft model with SKOV3 cells, 
LARP4 depletion potentiated peritoneal metastasis. Upon analysis of a public 
database of patients with ovarian cancer, the LARP4 mRNA-high expression 
group (n = 166) showed longer overall survival compared with the LARP4 mRNA-
low expression group (n = 489), implying a positive correlation of LARP4 mRNA 
levels in ovarian cancer tissues with patient prognosis. Taken together, we 
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propose that LARP4 could suppress motility and metastatic potential of ovarian 
cancer cells. 
VIII. CONCLUSIONS 
LARP4 pathobiology in ovarian cancer is still unclear and we demonstrate an 
anti-metastatic role of LARP4 in preclinical studies and clinical significance of 
LARP4 expression in cancer progression. In light of these results, LARP4 is 
possible to serve as a novel prognostic biomarker in ovarian cancer.  
In conclusion, LARP4 is suggested to function as a RhoA-driven motility 
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Figure 1. Identification of LARP isoforms regulating lamellipodia formation.  
(A) LARPs siRNAs efficiently decrease the expression of LARPs mRNA in SKOV3 cells. 
LARPs mRNA expression levels were determined by quantitative real-time PCR. Data 
shown (mean ± s.e., n = 3) are the mRNA values normalized to β- actin. * P <0.05, ** P < 
0.005, *** P <0.001 (B) SKOV3 cells (2 × 104) grown on glass-bottom dishes were 
transfected with 5 nM siRNAs for 48 h. Cells were fixed followed by staining with TRITC-
conjugated phalloidin (red) and Hoechst 33342 (blue). Confocal microscopy 
representative images are shown and yellow arrows point to lamellipodia forming cell. 
The data showed (mean ± s.e., n = 4) are the percentages of cells forming lamellipodia. 
(C) Data shown (mean ± s.e., n = 4) are the percentages of cells forming lamellipodia, 
*** P < 0.0001. Three LARPs isoforms regulate lamellipodia formation in SKOV3 cells 







Figure 2. LARP4 knockdown promotes lamellipodia formation in SKOV3 cells 
(A) Protein expression demonstrated by western blot showing LARP4 knockdown effect 
of siRNA. (B) Cells were fixed followed by staining with TRITC-conjugated phalloidin (red) 
and Hoechst 33342 (blue). Confocal microscopy representative images are shown and 
yellow arrows point to lamellipodia. (C) The data showed (mean ± s.e., n = 11) are the 







Figure 3. LARP4 overexpression decrease lamellipodia formation in SKOV3 cells 
(A) Protein expression demonstrated by western blot showing LARP4 overexpression 
effect of LARP4 vector. (B) Cells were fixed followed by staining with TRITC-conjugated 
phalloidin (red) and Hoechst 33342 (blue). Confocal microscopy representative images 
are shown and yellow arrows point to lamellipodia. (C) The data showed (mean ± s.e., n 






Figure 4. RhoA knockdown decreases lamellipodia formation in SKOV3 cells 
Representative data for the percentage of lamellipodia forming cells counted by 
confocal microscopy after cell fixation and staining with TRITC-conjugated phalloidin 
(red) and Hoechst 33342 (blue). The data shown (mean ± s.e., n = 11) are the 






Figure 5. LARP4 knockdown specifically promotes ovarian cancer cell migration, rather 
than invasion in SKOV3 cells 
(A and C) SKOV3 (1 × 104) cells were transfected with 5 nM siRNAs for 48 h. Extracted 
proteins were submitted to immunoblot analysis using antibodies specific for LARP4 or 
β-actin. Equal amounts of protein were loaded in each lane and the representative 
images are shown with decreased LARP4 protein expression in LARP4 siRNA transfected 
cells. (B)  Cell migration was assessed using the transwell assay. Data shown (mean ± s.e., 
n = 7-19 for SKOV3 cells) are the percentages of migrating cells, * P < 0.05, *** p < 
0.0001. (D) Invasive activity assessed by matrigel-coated transwell assay as described in 
materials and methods. Data shown (mean ± s.e., n = 6 for SKOV3 cells) are the 





Figure 6. LARP4 knockdown promotes ovarian cancer cell migration and invasion in 
PC3 cells 
(A and C) Extracted proteins were submitted to immunoblot analysis using antibodies 
specific for LARP4 and β-actin. Equal amounts of protein were loaded in each lane and 
the most representative picture is shown. (B) Cell migration was assessed using the 
transwell assay for 24 h. Data shown (mean ± s.e., n = 4) are the percentages of 
migrating cells. * P <0.05. (D) Cell invasion was assessed using the matrigel coated 
transwell assay for 24 h. Data shown (mean ± s.e., n = 4) are the percentages of 





Figure 7. LARP4 knockdown mediates its action through signaling pathway other than PI3K, 
MAPK, EMT and Tumor suppressor genes 
Extracted proteins were submitted to immunoblot analysis using different antibodies. Equal 














Figure 8. LARP4 suppresses RhoA protein expression.  
(A) Extracted proteins were submitted to immunoblot analysis using antibodies specific for 
LARP4, Rho GTPase family proteins or β-actin. Equal amounts of protein were loaded in each 
lane and the representative pictures are shown. (B, D and F) LARP4 protein level is significantly 
depleted in both LARP4 siRNA sequences (si1 and si2) (B) in RhoA protein expression 
experiments. The data shown (mean ± s.e., n = 8) is the percentages of LARP4 protein expression. 
*** P < 0.0001. (D) in Rac protein expression experiments. The data shown (mean ± s.e., n = 6) is 
the percentages of LARP4 protein expression. *** P < 0.0001. (F) in CDC42 protein expression 
experiments. The data shown (mean ± s.e., n = 6) is the percentages of LARP4 protein expression. 
*** P < 0.0001. (D, E and F) Protein bands were quantified and the ratio values of individual 
proteins expression relative to β-actin are shown (mean ± s.e., n = 6 or 8). All statistical analyses 
were performed by unpaired, Student t-test. *** P < 0.0001. 
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Figure 9. Anti-metastatic potential of LARP4 in an ovarian cancer xenograft model.  
(A) SKOV3 cells (1 × 104) transfected with 5 nM control si2 or LARP4 si2 for up to 96 h. Extracted 
proteins were submitted to immunoblot analysis using antibodies specific for LARP4 or β-actin. 
The representative images are shown with persistence of LARP4 depletion up to 96 h. (B) SKOV3 
cells (5 × 106 cells/mouse) transfected with 5 nM control si2 or LARP4 si2 for 24 h were 
inoculated into the peritoneal cavity of nude mice (n = 6 or 9). Four weeks later, mice were 
sacrificed and the number of metastatic nodules in the peritoneum was determined. The 
number of metastatic nodules were significantly higher in LARP4 depleted group. All statistical 
















Figure 10. Correlation of LARPs mRNA expressions with the overall survival probability 
in ovarian cancer patients 
The graphs show the correlation between overall survival and mRNA expressions of 
LARPs in ovarian cancer patients. The red line represents patients with higher mRNA 
expression and the black line indicates those with lower mRNA expression. The numbers 
of patients used for the analyses are shown in the individual panels. Overall survival 
graphs of ovarian cancer based on LARPs expression were performed using publicly 
available database (KM plotter; www.kmplot.com) with the following options: auto 
select best cutoff, overall survival (OS), 120 month, the plot include addy-id and sample 
number. cut off values were as follow: LARP1 (19), SSB/LARP3 (1738), LARP4 (253), 
LARP4B (25), LARP6 (300), LARP7 (813). The LARP4-high patient group showed longer 
overall survival than the LARP4-low group (p < 0.031). Conversely, SSB/LARP3 mRNA 
expression was inversely correlated with overall survival (p < 0.0064). No significant 





Figure 11. Conclusion  
LARP4 is suggested to function as a RhoA-driven motility suppressor in ovarian cancer. Therefore,  
       LARP4 may serve as a promising antimetastatic biomarker in ovarian cancer. 
 
 
